Abstract. Chemoattractants stimulate actin polymerization in lameUipodia of polymorphonuclear leukocytes. We find that removal of chemoattractant results in rapid (within 10 s at 37°C) and selective depolymerization of the F-actin located in lamellipodia. Addition of 10 #M cytochalasin B, in the presence of cbemoattractant, also resulted in rapid and selective depolymerization of lamellar F-actin. The elevated F-actin level induced by chemoattractant rapidly returns to the level present in unstimulated cells after (a) a 10-fold decrease in chemoattractant concentration; (b) the addition of 10 #M cytochalasin B; or (c) cooling to 4°C. The F-actin levels of unstimulated cells are only slightly affected by these treatments.
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Based on the similar effects of cytochalasin addition and chemoattractant dilution, it is likely that both treatments result in actin depolymerization from the pointed ends of filaments.
Based on our results we propose that chemoattractant-stimulated polymorphonuclear leukocytes contain two distinct populations of actin filaments. The actin filaments within the lamellipodia are highly labile and in the continued presence of chemoattractant these filaments are rapidly turning over, continually polymerizing at their plus (barbed) ends, and depolymerizing at their minus ends. In contrast, the cortical F-actin filaments of both stimulated and unstimulated cells are differentially stable.
T hE formation and retraction of lamellipodia is critical for the directional migration of polymorphonuclear leukocytes (PMNs).~ A PMN orients its locomotion along a gradient of a chemoattractant by preferentially extending lamellipodia in the direction of the higher concentration of chemoattractant (Zigmond, 1974; Zigmond et al., 1981) . A cell moving perpendicular to the direction of the gradient has a high probability of making its next turn up the gradient. To turn, a cell extends a lamellipodium up the graclient and retracts lamellipodia extending down the gradient. These changes occur rapidly as the PMN translocates at rates of ,,o10 #m/min.
In many systems the formation of lamellipodia or filopodia correlates spatially and temporally with actin polymerization (Tilney, 1973; Fox and Phillips, 1981; Fechheimer and Zigmond, 1983; Hall et al., 1988) . In PMN, lamellipodia formation and increased actin polymerization occur concomitantly upon exposure of cells to a rapid increase in the concentration of chemoattractant (Zigmond and Sullivan, 1979; Fechheimer and Zigmond, 1983; Wallace et al., 1984; Howard and Oresajo, 1985a; Rao and Varani, 1983) . A resting PMN has ,o30% of its actin in the filamentous form. Within 30 s after addition of chemoattractant, the F-actin level doubles with the newly assembled actin localized in the newly extended lamellipodia. Actin assembly is required for pseudopod extension: the presence of cytochalasin, which in vitro blocks the plus (high affinity or barbed) end of the actin filament, inhibits both pseudopod extension and actin polymerization.
Continued presence of chemoattractant is necessary for continued lamellipodia extension and actin polymerization. Removal of chemoattractants causes lamellipodia withdrawal (Zigmond et al., 1981; Zigmond and Sullivan, 1979) and a decrease in F-actin (Fechheimer and Zigmond, 1983; Sklar et al., 1985; Howard and Oresajo, 1985b) . These studies did not determine the location of F-actin depolymerization and could not determine whether chemoattractant removal stimulates further actin depolymerization or merely inhibits actin polymerization.
In this paper, we show that removal of chemoattractant results in rapid depolymerization of F-actin, and that actin depolymerization occurs selectively in the lamellipodia. Cortical F-actin and F-actin in the tail remain under these conditions. The addition of cytochalasin B also results in rapid F-actin depolymerization, with morphological characteristics similar to those observed after chemoattractant removal. The combination of cytochalasin addition and chemoattractant removal does not cause a greater loss of F-actin than that maximally lost after either treatment alone.
We propose that the presence of chemoattractant allows the persistence of elevated F-actin levels by maintaining free F-actin plus ends that are actively elongating. At steady state there must be equal depolymerization from the pointed ends of filaments. Based on the cytochalasin results, we suggest that when chemoattractant is removed, the plus ends become capped and the F-actin in the lamellipodia rapidly depolymerizes from the minus end. The rapid polymerization and depolymerization of actin filaments within lameilipodia allow these organelles to be highly responsive to changes in concentrations of chemoattractants.
Materials and Methods

Materials
Rhodamine phalloidin (TRITC labeled), cytochalasin B, N-formylnorleucylleucylphenylalanine (FNLLP), NP-40, and Hepes were all obtained from Sigma Chemical Co. (St. Louis, MO). Glutaraldehyde (8% solution) was from Polysciences, Inc. (Warrington, PA). HBSS was obtained from Grand Island Biological Co., Grand Island, NY.
Morphological Studies
A drop of blood from a finger prick was allowed to clot on a coverslip incubated at 37°C in a moist chamber. After 45 min the retracted clot was rinsed off with saline leaving a monolayer of primarily PMN with a few monocytes. These attached cells were incubated in a drop of I0 -s M FNLLP, in modified Hanks Balanced Salt Solution (Hank's without bicarbonate and with 10 mM Hepes, pH 7.2, mHBSS) 10-30 min at 37"C. The coverslips were then immersed 0-30 s in beakers of 37°C mHBSS before fixing with 1% glutaraldehyde in mHBSS. Cells were also incubated in 1 or 10 tzM cytochalasin B, either in the continued presence of chemoattractant or simultaneously with chemoattractant dilution. Cells were permeabilized with 1% NP-40 and stained with 2 × 10 -7 M rhodamine phalloidin in mHBSS for 1 h. The coverslips were mounted on slides and the cells were examined and photographed using a 100×/1.25 NA objective on a microscope equipped for epifluorescence (Carl Zeiss, Inc., Thornwood, NY).
For quantitation, cells were examined using a 100×/1.4NA planapo objective (Carl Zeiss, Inc.) on a microscope equipped for epifluorescence (Olympus Corporation of America, New Hyde Park, NY). Images were projected to a SIT video camera (Dage MTI 65) set for manual gain and offset. Images were acquired by summing 32 video frames using an Image-I/AT image processor (Interactive Video Systems, Inc., Concord, MA). The Image-I/AT system was used to measure the staining intensity at three locations within each cell. For each cell the intensity within the lamella, the body of the cell, and the tail was measured by summing the intensity within a 7 × 7 pixel area. The brightest areas of the lamella, the body oftbe cell, and the tail were selected for measurement for each cell. Approximately 45-70 cells were analyzed at each time point for each experiment. For each time ,point, images were collected from 3--4 regions of the coverslip. Cells ~ene excluded from analysis if they overlapped other cells or if they were polm'il~xl perpendicular to the coverslip. To pool data from several experiments the data was normalized by setting the mean intensity of control !lanmlla ~equal to 100.
Sc~ming Electron Microscopy
Cells were fixed in 1% glutaraldehyde in mHBSS for at least 30 min, washed with 50 mM phosphate buffer, pH 6~2 for 5 rain at room temperature, t~'fixed in 1% OsO4 in phosphate buffer, pH 6.2, dehydrated in a graded of acetone (50, 70, 90, 100, 100%) , 10 rain in each, critical point mounted on stubs, and sputter coated. Cells were examined and pho-~'~phed with a scanning electron microscope (model 1000; Amray, Inc., Bedford, MA).
Quantitative Measure of F-Actin in Cell Populations
F-actin was quantitated by a rhodamine phalioidin-binding assay originally developed by Howard and Oresajo (1985b) . Rabbit peritoneal exudate PMNs obtained as described previously (Zigmond and Sullivan, 1979) were suspended (4 × 107 cells/ml) in mHBSS (without calcium) at room temperature. "I~ypically, 100 ttl of cells was mixed with 100 ttl of 4 × 10 -s M FNLLP for 90 s at room temperature before the cells were either fixed by addition of 8% glutaraldehyde to yield a final concentration of 1% glutaraldehyde, or were diluted with a 2-10-fold (1.8 ml) vol of mHBSS without chemoattractant for 15, 30, or 60 s before fixation. Controls were diluted to the same final volume with mHBSS containing FNLLP. Cells were permeabilized by addition of NP-40 (final concentration of 1%) and rhodamine phalloidin was added (final concentration 2 × 10 -7 M). Nonsaturable binding of the rhodamine phalioidin was determined by incubating samples in rhodamine phalloidin plus an excess of unlabeled phalloidin (2 × 10 -6 M) (Sigma Chemical Co.). The cells were stained for at least 1 h before pelleting at 2,000 rpm for 9 rain. The supernate was discarded, the rhodamine phalloidin in the pellet was extracted with 1 ml of methanol, and the rhodamine fluorescence was measured at 540(ex)/575(em) in a fluorimeter (model LS-5; Perkin Elmer Corp. Instrument Div., Norwalk, CT). The data are presented as "phalloidin bound" which is the fluorescence reading, in arbitrary units, after subtraction of the fluorescence due to unsaturable binding (usually '~25% of the fluorescence reading of stimulated cells).
Results
Chemoattractant Removal Results in Altered Cell
Morphology and Selective Loss of F-Actin Staining in LameUipodia
Cell Morphology after Chemoattractant Removal. More than 80% of the cells incubated in chemoattractant had a polarized morphology with a leading ruffling lamellipod and a knob-like tail (Fig. 1 a) . These lamellipodia exclude cytoplasmic granules (Fig. 1 a, arrowhead) . About 50% of the lamellipodia contained phase-dense regions that project radially to the edge of the lamellipodia (Fig. 1 a, long arrows). By shifting the plane of focus, these densities can be recognized as lamellipodia extending perpendicular to the substrate. The three-dimensional nature of lamellipodia are apparent in scanning electron micrographs (Fig. 2 a) .
Within 3-5 s after chemoattractant removal, the granulefree lamellipodia were shorter (Fig. 1 b) . By 10 s few granule-free lamellipodia were present ( Fig. 1 e, small arrow) and there were no radial phase dense projections. When viewed by scanning microscopy, the lamellipodia appeared collapsed onto the body of the cell (Fig. 2 b) . By 30 s the ceils had multiple blebs from their surface (not shown).
F-Actin Localization after Chemoattractant Removal. The majority of cells ('~95%) fixed in the presence of chemoattractant contained lamella that stained brightly with rhodamine phalloidin (phalloidin binds specifically to F-actin; Cooper, 1987) (Fig. 1 b) . Both the thin regions of lamellipodia, and particularly the phase dense radial projections in the lameilae, stained brightly (Fig. 1 b) . Bright staining was also present in both the cortex and in the tails of many cells. The rhodamine staining was due to a saturable binding of phalloidin (to F-actin) since it could be effectively dis- be retraction fibers that had collected on the surface of the tail (Fig. 2, a and b) . Cortical staining appeared similar to cells before dilution of chemoattractant.
The micrographs suggested that F-actin selectively depolymerized from the lamella. We confirmed this qualitative impression by quantifying the rhodamine phalloidin fluorescence intensity in three locations within each cell (see Materials and Methods). As shown in Fig. 3 , lamellar staining decreased after chemoattractant removal. In contrast, the bodies and tails of the cells showed little change in fluorescent staining. The slight increase in body and tail staining may be caused by the rounding of cells observed after FNLLP removal.
Localized Actin Depolymerization Occurs in Rabbit and
Human PMNs and Is Not Altered by Adhesion to a Substrate. Rabbit and human PMNs showed similar changes in F-actin-staining intensity after chemoattractant removal. Cells from both sources showed maximal loss of lamellar F-actin staining 10 s after peptide removal at 37°C, and 30 s after peptide removal at 230C (not shown).
Examination of cells on coverslips allows convenient analysis of changes in cell morphology and actin localization, but cell adhesion to a substrate can promote actin polymerization, apparently through a separate pathway (Southwick et al., 1989) . To examine specifically the effects of chemoattractant dilution, the above experiments were repeated with rabbit cells in suspension. Cells were stimulated for 90 s at room temperature and then diluted 10-fold (2 × 10 -8 M-2 × 10 -9 M FNLLP). Both the time course and selective depolymerization of F-actin were qualitatively indistinguishable from those observed with adherent cells (data not shown). Again, at room temperature, maximal loss of lamellar staining occurred 30 s after peptide dilution.
Dose Dependence of F-Actin Depalymerization after
Chemoattractant Dilution. The above results suggested that F-actin was depolymerizing and not merely rearranging after peptide removal. We examined this issue further by quantitating F-actin levels after peptide dilution using an as- placed by inclusion of a 10-fold excess of unlabeled phailoidin (Fig. 1, g and h) .
Upon removal of chemoattractant, the rhodamine phailoidin staining of the lamellipodia decreased in brightness. The staining continued to extend to the edge of the larnellipodia, but this brightly staining region was often narrower (Fig. 1 d) . By 10 s few cells retained brightly staining lamella (Fig. 1 f ) . By 30 s bright staining of the cell front was virtually nonexistent (not shown).
During the same time that the lamellar staining was decreasing, staining of tile cortex and tail remained. The rhodamine phailoidin staining of the tail occurred both in the constriction at the base of the tail and on what appeared to staining intensity after chemoattractant dilution. Cells were fixed and stained as in Fig. 1 . The intensity of rhodamine phalloidin staining was measured in 7 x 7 pixel areas within the lamella (L), the body of the cell (B), and the tail (T), and is expressed as relative fluorescence intensity + SEM (see Materials and Methods). This plot summarizes data from three separate experiments, the total number of cells analyzed at each time point ranges from ,o200 (control) to ,ol00 (3-, 5-, and 10=s dilutions). say designed by Howard and Oresajo (1985b) . These studies enabled us to compare changes in actln polymer levels in stimulated and unstimulated cells, and to examine the changes in F-aclin levels after chemoattractant dilutions to different final concentrations. When cells incubated for 90 s in chemoattractant were diluted 10-fold with buffer, their F-actin decreased (Fig. 4) . At room temperature, the loss in F-actin was maximal -,30 s after dilution (Fig. 4 a) . Under the conditions of these experiments, the F-actin levels in stimulated cells were maximal and remained constant between 90 and 150 s after peptide addition. (With rabbit PMN at room temperature, F-actin reached a maximum level within 60 s after stimulation with 2 x 10 -8 M FNLLP and this level was maintained for up to 150 s. The level at 150 s was 100 + 5% (SD) of that at 90 s. Additional experiments were conducted at 37°C where maximal loss occurred within 10 s of dilution. Because at 37°C F-actin levels reach a peak and begin to decline within 1 min after chemoattractant addition, the effects of chemoattractant dilution were more complicated to analyze. Thus, further experiments were performed at 23*C.
The extent of depolymerization depended on the extent of chemoattractant dilution (Fig. 4 b) . A twofold dilution of chemoattractant caused a clear decrease in F-actin at 30 s. A fivefold dilution decreased F-actin to approximately basal levels in 30 s. Between 30 and 60 s after dilution, the F-actin levels often increased again (Fig. 4 a, see Fig. 7 a) . This increase was usually more apparent with the smaller fold dilutions.
Cytochalasin B and Chemoattractant Dilution Result in Similar Changes in F-Actin
The removal of chemoattractant could induce a decrease in the level of F-actin by inducing depolymerization and/or by inhibiting polymerization. To determine if inhibiting polymerization gave similar results to chemoattractant removal, we examined the morphological and biochemical effects of cytochalasin. Cytochalasin is known to block the increase in F-actin induced by chemoattractant (White et al., 1983) . In vitro, cytochalasin B blocks the plus ends of actin filaments, inhibiting both polymerization and depolymerization from this end (Cooper, 1987) .
Addition of 10 #M cytochalasin B, in the continued presence of chemoattractant, caused a rapid loss of rhodamine phalloidin staining of the lamella (Figs. 5 and 6 ). After 10 s some cortical staining remained and a few bright spikes persisted at the ceil front (Fig. 5f ). As shown in Fig. 6 , incubation in cytochalasin B resulted in selective depolymerization of lameilar F-actin. The staining intensity within the bodies and tails of the ceils showed little change in staining intensity over this time course. Ceils fixed after a 10-s treatment with a combination of chemoattractant removal and cytochalasin B addition appeared similar to cells fixed at 10 s after either treatment alone (compare figs. 1, c and f, 2, b and c, 5, c and g with 5, d and h).
Addition of Cytochalasin B Results in Actin Depolymerization in Stimulated Cells, but not in Unstimulated Cells.
Addition of 10 #M cytochalasin B to ceils incubated for 90 s in chemoattractant caused a rapid depolymerization of F-actin to basal levels within 30 s (Fig. 7 a) . The addition of cytochalasin B to unstimulated cells had little effect on their F-actin levels over this same time course. The maximal extent of depolymerization observed by either a 10-fold chemoattractant dilution or addition of 10 (or 20) #M cytochalasin B was similar to that observed with a combination of both treatments (Fig. 7 a) . Each treatment resulted in depolymerization of chemoattractant-stimulated F-actin back to approximately the level of unstimulated cells (Fig. 7 a) . Combinations of suboptimal dilutions of chemoattractant, e.g., threefold, and suboptimal concentrations of cytochalasin B, e.g., 1 #M, resulted in a slightly faster depolymerization compared to either treatment alone. The final level of actin polymer decreased to approximately the level in unstimulated cells (Fig. 7 b) . In addition, the presence of cytochalasin inhibited actin repolymerization observed between 30 and 60 s after chemoattractant dilution (Figs. 4 a and 7 a) .
The effects of cytochalasin B were not due to its blockage of glucose transport since dihydrocytochalasin B, which does not block glucose transport, gave identical results (data not shown). Furthermore, no loss of lamellar staining was seen in ceils switched from medium containing 1 mg/ml glucose to glucose-free medium.
We also examined the effects of cytochalasin B in amounts substoichiometric relative to actin. In these experiments I00 #1 of 1.8 × 107 cells ("o2.3 x 10 -7 mol actin) was incubated in 3 #M cytochalasin B (•3 × 10 -g mol cytochalasin B). Cells were fixed 30 s later and total F-actin levels determined for unstimulated cells, stimulated cells, and stimulated cells plus cytochalasin B. Again, actin levels in stimulated cells treated with cytochalasin B decreased to the level in unstimulated cells (not shown). Chemoattractant-stimulated F-Actin Has Increased Sensitivity to Low Temperature. To determine if the F-actin inducexi by chemoattractant was also selectively sensitive to cold, cells incubated in 2 x 10 -8 M FNLLP for 90 s were mixed with a 20-fold vol of 2 x 10 -8 M FNLLP at room temperature or at 4°C. Cells were fixed after 0.3, 1, or 3 min. Unstimulated cells were incubated in mHBSS either at room temperature or at 4°C and fixed at the various time points. As shown in Fig. 8 , the chemoattractant-stimulated F-actin decreased upon incubation at 4°C while the F-actin in unstimulated cells was stable. In both stimulated and unstimulated cells, the F-actin levels were stable at 25°C for 3 min.
Discussion
In this paper we show that removal of chemoattractant results in a very rapid loss of F-actin selectively from lamellipodia (Figs. I and 3) . The level of F-actin rapidly decreases (within 10 s at 37°C) to approximately that present in unstimulated cells (Fig. 4, a and b) . Our demonstration that continued presence of chemoattractant is required to maintain elevated levels of F-actin is consistent with previous reports that F-actin levels decrease rapidly in human PMN upon addition of a chemoattractant antagonist (Sklar et al., 1985; Howard and Oresajo, 1985b) .
We also found that 2-10-fold dilutions of chemoattractant rapidly decreased the level of F-actin (see Figs. 4 a and b) . When the concentration of chemoattractant present after dilution was sufficient to stimulate actin polymerization (e.g., 2 x 10 -9 M FNLLP) the level of F-actin 60 s after peptide dilution (at room temperature) was frequently greater than that present after 30 s. The depolymerization and repolymerization of F-actin after 2-10-fold dilutions of FNLLP correlate with observations of cell behavior under similar conditions. Zigmond and Sullivan (1979) observed that upon FNLLP dilution, previously locomoting cells transiently ceased locomotion, formed blebs over their surface, and then recovered and resumed locomotion (see also Deverotes and Zigmond, 1988) . This recovery apparently requires repolymerization, and thus like the initial actin polymerization (White et al., 1983; Howard and Oresajo, 1985a) , can be inhibited by cytochalasin.
We also observed rapid depolymerization of F-actin after incubation in cytochalasin B (Figs. 5-7) . As with chemoattractant removal, cytochalasin B addition results in rapid and selective depolymerization of lamellar F-actin. Addition of cytochalasin B resulted in actin depolymerization to approximately the level present in unstimulated cells. Over this same time course, the actin in unstimulated cells remained relatively unchanged.
In vitro, cytochalasin B caps the plus ends of actin filaments and inhibits actin assembly at this end (Cooper, 1987) . Attempts to detect monomer binding with cytochalasin B have been unsuccessful Korn, 1979, 1981; Lin et al., 1980) , suggesting that if cytochalasin B binds monomer, its affinity must be very low. We did several controls to confirm that cytochalasin B was likely acting by capping filament plus ends in vivo. First, the observed effects were not due to blockage of glucose transport since dihydrocytochalasin B and cytochalasin B gave similar results. Cellular F-actin was also unaffected by incubation in glucose-free medium. Second, addition of cytochalasin B at a stoichiome- Figure 5 . Cell morphology and actin distribution in human PMNs fixed at various times after incubation in 10 #M cytochalasin B. Phase contrast (a,c,e,g ) and fluorescence (b,dJ,,h) try one-tenth that of the total actin concentration gave similar results. Based on the similar initial effects of chemoattractant dilution and cytochalasin B addition and the fact that cytochalasin acts primarily by capping filament plus ends, it is likely that the depolymerization observed after either treatment occurs from the minus end of the actin filaments. If actin depolymerization occurring after chemoattractant removal were due to loss of subunits from the plus end of the actin filament, cytochalasin B (by capping the plus end) should block this loss. However, the presence of cytochalasin did not inhibit depolymerization under these conditions (Figs. 6 and 7) . In fact, the combination of peptide removal and cytochalasin B addition resulted in a small increase in the initial rate of actin depolymerization compared to that produced by either treatment alone (Fig. 7) .
Actin Depolymerization Is Rapid In Vivo
The rates of minus end actin depolymerization, measured in vitro, appear too slow to account for the depolymerization seen in vivo. The total actin in a PMN has been estimated to be 1.3 x 10 -16 mol, ('~200/~M) (White et al., 1983) . In a stimulated cell •60%, and in an unstimulated cell *30%, of the actin is in the filamentous form. At room temperature, F-actin levels in stimulated cells decreased to the level found in unstimulated cells 30 s after peptide removal (Fig. 3) . This is equivalent to depolymerization of 30 % of the total cellular actin or 2.3 x 107 molecules of actin. Published off rates determined for the minus ends of filaments in vitro (at 22-25°C) range from 0.1 to 0.8 s -~ depending on experimental methods and the nucleotide composition of the dissociating species (Weber et al., 1987; Pollard, 1986; Korn et al., 1987; Carlier and Pantaloni, 1988) . For the extent of actin depolymerization determined here, these off rates would require 1-8 x 106 minus ends. In this case, the average filament would contain somewhere between 3 and 24 monomers and would be 0.008-0.07/~m long. This is in contrast to estimates that F-actin filaments in the lamellipodia of macrophages are 0.5-0.6 /zm long (Hartwig and Yin, 1988) . If the F-actin were distributed in filaments of this mean length, there would be *1 x 105 filaments and an off rate of 8 s -1 would be required to account for the observed depolymerization (at 37°C an off rate of 24 s -~ would be required). This is 10-80 times greater than the off rate measured in vitro. Currently it is not known if PMNs contain many short filaments or if cytoplasmic factors actively increase the rate of depolymerization from the minus end.
F-Actin Is Differentially Stable in Unstimulated PMNs
The level of F-actin present in unstimulated cells is stable under various conditions that cause depolymerization of the chemoattractant stimulated F-actin. Removal of chemoattractant, addition of cytochalasin B, the combination of both treatments, or incubation at 4°C reduced F-actin levels in stimulated cells only to the level of unstimulated cells. None of these treatments significantly decreased the basal F-actin levels. These results confirm previous observations that addition of cytochalasin B to either unstimulated or chemoattractant-stimulated cells reduces the amount of actin pelleting with a Triton insoluble cytoskeleton to approximately basal levels (maximally 20% below the resting level) (White et al., 1983) . Similar effects of cytochalasin have also been obtained in platelets (Casella et al., 1981; Fox and Phillips, 1981) . The stability of the basal F-actin may be due to its being in equilibrium with free G-actin or to its binding accessory proteins.
Stimulated PMNs Contain Two Populations of Actin Filaments
We propose that stimulated PMNs contain two populations of actin filaments. One is a rapidly turning over population, induced by chemoattractants and located primarily in the lamdlipodia. The second is a relatively stable population of actin filaments located in the cortical region and present in both stimulated and unstimulated cells. Two populations of actin filaments that differ in their turnover rates have also been observed recently in the giant axon of the squid (Fath and Lasek, 1988) .
Our model of rapidly turning over F-actin in PMN lamellipodia is similar to other models of actin dynamics in flbroblasts and neurons (Bray and White, 1988; Svitkina et al., 1986) . The F-actin in lamellipodia of fibroblasts and neurons is also selectively sensitive to cytochalasin. Continuous F-actin polymerization at the distal edges of the lamellipodia followed by rearward movement of the filaments is suggested by the observation that in Aplysia neurons, the cytochalasin B-induced actin loss first appears at the edge of the lamellipodia and then moves back toward the cell body (Forscher and Smith, 1988) . Furthermore, injected fluorescent actin is rapidly incorporated at the front of a lamellipodia (Wang, 1985; Glacy, 1983) . A photobleached area of fluorescent actin at the front of a fibroblast moves rearward (Wang, 1985) . The photobleaching results as well as the morphological observations support the concept of rearward movement of F-actin (Heath, 1983) . Therefore, to maintain steady state, actin filaments grow proximal to the membrane (at their plus ends) and depolymerize distal to the membrane (from their minus ends) (Small et al., 1978) .
In summary, based on information in the literature as well as the data presented in here, we propose: (a) chemoattractants mediate a rapid increase in the free plus ends of actin filaments (Carson et al., 1986) . A modest increase in available plus ends is maintained by the continued presence of chemoattractants. These high-affinity ends allow a persistent increased rate (over resting cells) of actin polymerization. (b) The F-actin induced by chemoattractant is located in the lamellipodia and is labile, continually and rapidly turning over. This allows the lameUipodia to be highly responsive to local and temporal changes in the concentration of chemoattractants.
